[1] During the past decades, the research into fluid-controlled geodynamic processes in the upper crust of the Earth is put foreward regarding the stress accumulation, deformation, and seismicity. In a large-scale injection experiment at the deep borehole site KTB (Kontinentale Tiefbohrung der Bundesrepublik Deutschland) in Germany, more than 84.000 m 3 fresh water was injected in 4000 m depth over 10 months, and a lot of geoscientific investigations were connected to this injection test. The pore-pressure change of more than 10 MPa yielded an induced deformation, which was detected by a tiltmeter array. The used five borehole tiltmeters of the ASKANIA type with a resolution of better than 1 nrad belong to the most sensitive tiltmeters worldwide. The poro-elastic finite-element modeling used for the interpretation of the observed tilts revealed an uplift of 3.1 mm above the injection point. Furthermore, it was shown that the induced stress and deformation fields depend mainly on the fluids inside the fault zones, particularly the SE2-reflector which is the Franconian fault zone, and the local Nottersdorf fault: While the maximum pore pressure is concentrated close to the injection point at the SE2 zone, the maximum deformation of about 3 cm is located at the intersection line of both faults in 4 km depth. The area of the modeled maximum deformation is highly correlated with the region of the observed induced seismicity, thus linking seismicity and deformation. The connection of tilt observation and modeling provides a useful tool for the investigation of fluid coupled geoprocesses.
Introduction
[2] In 1997, the Journal of Geophysical Research, No. 102, published a special section containing 20 papers about the German super-deep drilling project KTB, covering all aspects of the German Continental Deep Drilling Program like geology, crustal and tectonic evolution, fluids, crustal seismic reflections, 3D-interpretation of potential field data, borehole logging, etc. [see, e.g., Haak and Jones, 1997; Emmermann and Lauterjung, 1997] . The geological and geophysical boundary conditions were summarized, e.g., by Harjes et al. [1997] . A first injection experiment in the kilometre scale was carried out in 1994 in the 9101 m deep main borehole, during which considerable seismicity was induced [Zoback and Harjes, 1997; Baisch and Harjes, 2003] . The evaluation of the data revealed that fluid migration plays a major role in relation to stress accumulation, deformation and seismicity in the upper crust of the Earth. Basically, this is an old relation becoming more and more prominent in the last years in earthquake and volcanic research, regarding strong single as well as swarm earthquake events due to fluid flow in fractured rocks [Battaglia et al., 1999; Miller et al., 2004; Bräuer et al., 2005; Hill and Prejean, 2005; Reches and Ito, 2007] . However, the interaction of the geodynamic parameters of the upper crust and the fluids is still poorly known. Early experiments in the year 1976 [Raleigh et al., 1976 ] mark a starting point for such geodynamic investigations. At the super deep borehole KTB in Germany with well-known input parameters and a variety of experiments a significant improvement of such geodynamic investigations could be achieved [Harms et al., 2007; Kümpel et al., 2006] . A similar experiment was conducted in Japan, but at a much lower depth [Fujimori et al., 2001] . On the other hand, in engineering geophysics tilt measurements are meanwhile standard to monitor, e.g., land slides or the exploitation of shallow reservoirs [e.g., Tofani and Horath, 1990] .
[3] The experiments at KTB address this special extension of fluid flow and fluid systems in Earth's crystalline crust. These processes have a great impact on rheology, as well as the dynamics and mechanical stability of the crust. The KTB boreholes offer a unique chance to study these parameters under in situ conditions, which is of fundamental geoscientific interest, especially in those areas in which fluid and thermal reservoirs are situated. Further, such experiments are also important for the society related to the understanding of safe disposal of critical wastes. Seismogenesis, particularly in connection with large lake reser-voirs, is another main issue. These fluid flow processes in the crystalline crust cause deformation which can be monitored by tilt measurements. Numerical modeling constrained by observed tilt provides insight into such processes.
Two KTB Hydraulic Experiments From 2002 to 2004
[4] A production test was conducted from June 2002 to June 2003, using the open hole section of the KTB pilot hole at 3850 to 4000 m depth . An initial production rate of 29 l/min yielded a fluid-level draw down of only 280 m after four months, less than one-third of the expected value. Therefore the production rate was increased up to 58 l/min with a maximum draw down of 605 m at the end of the pump experiment in June 2003. Various geophysical, hydraulic, and geochemical parameters were monitored online at the site, however, the tiltmeter array started operating not earlier than in November 2003. Tilt effects, induced by pumping, could therefore only be observed for the one-year recovery phase from the production test. It can be expected, that the backflow affected also the pore pressure and the associated deformation of the upper crust. Therefore, it may rest assured that this deformation superimposed the run-in period of the tiltmeters and their installations.
[5] The injection experiment was conducted over ten months from June 2004 until April 2005 . Fresh water was injected into the pilot bore hole with a rate of about 180 l/min and with a total volume of 84,600 m 3 . Well-head pressure gradually dropped from about 120 bar to 90 bar within the first two months, then it slowly increased to 115 bar in April 2005. Again several parallel running research projects dealt with the monitoring of seismicity, geoelectric parameter changes, fluid flow, hydraulics, geochemistry of gases, rheology, rock properties, and pressure studies, all associated with numerical modeling [Gräsle et al., 2006; Lippmann et al., 2005; Stober and Bucher, 2005; Möller et al., 2005] . About 3000 micro-seismic events were detected by the borehole geophone in the KTB-HB (main borehole), and 150 events by the local seismic network at the surface. The analysis of the seismic events showed, that the induced seismicity was controlled by the fluid migrating into the crustal fault system. It is triggered by pore pressure perturbations as low as 0.01 -1.00 bar at the hypocenters . Most important was the fact that seismicity started after the injected water volume was approximately equivalent to the amount previously extracted by the pump experiment. Thus it could be expected, that an observable deformation of the upper crust was first detectable not earlier than some months after the start of the injection in June 2004.
[6] Our approach to observe the injection-induced deformation of the Earth's upper crust by using high-resolution tiltmeters in boreholes near the surface was aimed at the studying of the interaction of fluid migration, pore-pressure variation and the deformation of the upper crust [Jahr et al., 2006] . In Figure 1 the site as well as the distribution of tiltmeters and the data transfer to KTB is shown.
Tiltmeter Experiment
[7] The tiltmeter array, consisting of five high-resolution ASKANIA borehole tiltmeters, was arranged around KTB in distances between 1.5 and 3.3 km to the injection borehole, the installations taking place at different geological settings [Jahr et al., 2006 ; Figure 1 ]. The distance of the expected maximum tilt signal was estimated by numerical pre-modeling using an analytical approach as well as the finite-element-method (FEM [Wang and Kümpel, 2003; Jahr et al., 2005] ). This investigation also reveals, that a maximum tilt angle of about 6 msec ($30 nrad) could be expected about 4 months after the start of the injection, increasing. In addition, injection-induced seismicitiy was observed by a borehole geophone, installed in the KTB-HB and by a local seismic network, operated by GFZ-Potsdam, consisting of more than 30 seismic stations .The deployed ASKANIA borehole tiltmeters with a nominal resolution better than 0.2 msec ($1 nrad) belong to the most sensitive tiltmeters worldwide [Weise et al., 1999; Gebauer et al., 2007] . Using this tiltmeter type the observed tilt due to tidal deformation of the Earth ($20 msec) provides a dominant harmonic signal. However, the high instrumental sensitivity needs protection against environmental influences, like changes of meteorological parameters and groundwater level. Therefore, the tiltmeters need to be installed in boreholes at depths of at least 30 m, well coupled to the surrounding solid rocks.
[8] With such tiltmeters we already worked in different places following various goals: Earth tides and ocean/ atmosphere loading in Finland [Weise et al., 1999] , reservoir loading in Norway [Jentzsch and Koss, 1997] , as well as tectonic signals and ocean loading in the observatory Nokogiriyama in Japan . Proper installations in boreholes up to 60 meters deep or in shallow boreholes in galleries allow to benefit from the resolution of these tiltmeters and their long-term stability. For the tiltmeter array at the KTB site the tiltmeters were additionally equipped with 3-component geophones (4.5 Hz) in order to complement the local seismic array for the monitoring of injection-induced seismicity (Figure 2 ).
[9] An unexpected observation occurred in connection with the large Sumatra-Andaman earthquake, 26 December 2004 [see, e.g., Stein and Okal, 2005] . For the first time the induced free modes of the Earth, especially the toroidal modes, could be observed with our array of tiltmeters. This allowed the stacking of the resulting spectra, with a corresponding high signal-to-noise ratio to enable the separation of different toroidal modes normally not observable . This high-resolution observation can be used for the advancement of existing Earth models [cf., Park et al., 2005] .
Experimental Results
[10] The observed injection-induced tilt is separated after the reduction of linear instrumental drifts, barometric pressure and seasonal groundwater influences. Then, the movements of pendulum tips above ground show the induced deformation during the injection period ( Figure 3 ). The stations Mittelberg and Eiglasdorf (cf., Figure 1 ) show tilts away from the injection point between October 2004 (yellow dots in Figure 3 ) and end of injection (red dots in Figure 3 ). Station Berg, which is the closest station to the injection point, shows tilt away from the injection point from the start of injection (green point in Figure 3 ) up to October 2004 and during the relaxation period (between red and black dots in Figure 3 ). The green arrows in Figure 3 indicate the modeled tilts for the homogeneous case. Further, east-west tilts are visible for Mittelberg and Berg and north-east to south-west tilt for Eiglasdorf, which indicate [11] The station Stockau was twice destroyed by lightning, and in Püllersreuth strong groundwater influences are superimposed. At these two sites the deformation signal was masked by strong disturbances or data gaps, but the expected bulge due to the injection was clearly detected by three stations of the tiltmeter array.
Numerical Modeling
[12] The interpretation of the observed induced deformation was based on numerical investigation with the finite element method (FEM), using the software package ABA-QUS [ABAQUS, 2006] . The 3-dimensional model, based on a poro-elastic rheology, includes the main geological settings and the main fault zones, like the seismic reflectors SE1, SE2, SE4 and the Nottersdorf Fault Zone (NdS).
[13] Following ABAQUS [2006] the volume change, which is observed as deformation at the surface, can be explained by pore pressure changes. During elastic processes in a porous elastic medium the pore volume e is in relation to the logarithmic surrounding stress p given by
and
The material parameter k is dimensionless and called logarithmic bulk modulus in ABAQUS [2006] , and the index el denotes the elastic case. k is given by the ratio of the pore-volume changes and the logarithmic stress-field of the surrounding area. Observed movement of the tip of the pendulums above ground during injection. An upward movement of the trace indicates tilt to north, a trace movement to the left side indicates a tilt to west, and vice versa for south and east tilting. Mittelberg is located west; Berg, east; and Eiglasdorf, north-east of the injection borehole (cf., Figure 1 , discussion see text). The green arrows indicate the general trends of the tilt at each station for the homogeneous case. The red ones show the modeled tilt direction, when fault zones are taken into account (cf., discussion in chapter 6).
[14] Regarding the tensile strength of the material the possible tension up to the irreversible deformation has to be considered:
with p t el as elastic tensile strength of the material. If we neglect the compressibility of the solid and the fluid material, the elastic volume change J el is defined as:
whereas e el is the pore volume during a pure elastic deformation and e 0 the initial pore volume. The substitution yields:
with p 0 as initial surrounding stress.
[15] Beside the normal acting main stresses the shear stress S has to be considered. This can be realized by assuming a constant shear modulus G as:
or if Poisson's ratio n is known:
[16] The term e vol el describes the elastic part of volume change. In addition to the elastic response of the pore volume the volume changes of the fluid and of the solid material are important. For the fluid of the model system we assumed:
whereas r w is the actual density, r w 0 the reference density, u w the pore pressure and K w the bulk modulus of the fluid. e w th describes the volume change due to temperature variations; corresponding to (9) the solid material is given by:
The index g marks the properties of the solid, s is the saturation of the pores with fluid, n the porosity of the medium and p the mean surrounding stress inside the medium. Thus the term Àu w /K g + e g th reflects the part of the volume change, which is caused by the acting pore pressure and thermal processes. This volume change causes a deformation also close to the surface of the model, which was detected as tilt changes in the real injection experiment at KTB.
[17] The boundary conditions are composed in that the total injection-induced pore pressure changes do not affect geological bodies which are more than 6 km away from the injection drill hole and not deeper than 6 km from the injection point. Therefore, the model dimension was chosen to 20 Â 18 km in horizontal and 10 km in vertical direction. Further, we assume that the whole injection process can be described by a poro elastic model, temperature effects not included. The tiltmeter stations, the model dimensions and the striking and dipping of the fault zones are shown in Figure 4 . The FE model consists of 25,600 elements of hexahedron type, with a mean element size of 525 m. However, the finite element mesh was generated with higher resolution inside the fault zones. For a poro elastic rheology the main fault zones are characterized by an increased permeability. All parameters characterizing the developed finite element model are compiled in Table 1 , including elastic and poro elastic parameters for the faults, the surrounding rocks and the fluid. They were derived from the studies of Endom and Kümpel [1994] , Gräsle et al. . Finite-element model with dimensions, main fault zones SE1, SE2, NdS and SE4, which correspond to seismic reflectors, the KTB injection point (yellow star) and the tiltmeter array (blue stars): Note that the model is rotated 45°westward against north, in order to keep the model boundary parallel to the main faults SE1 and SE2. The rotation axis is equivalent to the center of the model at the injection borehole at KTB (yellow star). Widths of faults: SE1, 247 m; SE2, 588 m; NdS, 147 m; SE4, 444 m (depending on geological findings and element size). Geometrical and rheological parameters of this model are summarized in Table 1 . 
Modeling Results and Interpretation
[18] The model was loaded by the Earth's gravity and the main horizontal stress field of Central Europe [Zoback and Fuchs, 1989; Müller et al., 1992] . Then, this pre-loaded model was injected with the real injection rate and the periods of injection . The main fault zones are characterized by an increased permeability compared to the surrounding rock (Table 1 ). The resulting stress and deformation fields were investigated and compared with the observed deformation, derived from the tiltmeter array around KTB.
[19] The modeled tilt and its time evolution is shown in Figure 5 . The homogeneous effect is subtracted, such that in Figure 5a , no tilt is to be seen, Figure 5b shows the tilt after 10 months injection, and Figure 5c shows the final situation after another 12 months of relaxation is given (after 22 months in all). The effect of the fault structure on the stress distribution is shown in Figure 6 : In the homogeneous case a more or less radial symmetric stress field is obvious (Figure 6, left) , whereas the influence of the fault zones leads to a strongly asymmetric stress distribution (Figure 6, right) .
[20] The modeled pore pressure and the pore pressure due to the injection along the SE2 fault is shown in Figure 7 . The injection-induced deformation along SE2 and the deformation field around the cross-line of SE2 and NdS close to the injection point is shown by Figure 8 . Corresponding to the expectation the hydrostatic pressure is dominating the total pore pressure and reaches about 100 MPa at the bottom of the model in 10 km depth (Figure 7) . The pore pressure changes caused by the injection is covered by the total effect, however the subtraction of the gravity induced pressure shows the pore pressure distribution due to injection along the SE2 fault. Close to the injection point a maximum pore pressure of more than 11 MPa is calculated (Figure 7 ) and the crossing area to the NdS fault also affects the distribution of pore pressure around the injection point. The process of coupled deformation (Figure 8 ) is also clearly concentrated to this area. The connected propagation inside SE2 and NdS faults upward shows that the maximum deformation effect at the surface is in the order of some millimetres. The deformation map of the Earth's surface around the injection point shows maximum vertical uplift of over 3 mm caused by the injection, and tilts of more than 100 msec or $500 nrad (Figure 9 ).
[21] The investigation of pore pressure and deformation near the injection point yields the main results (Figures 7 -9 and Table 2):
[22] 1. Fault zones affect the induced tilt orientation during the injection period, however, major deviations from the pure radial symmetry were modeled for the relaxation after end of injection. The injection-induced bulge and pore pressure stress were irregularly relieved by the backflow of the fluid inside the fault zones ( Figure 5) . Here, the influence of the fault zones (shown in Figure 4 ) becomes clearly visible: The red areas in Figure 5c correspond to the striking of the faults SE2 and SE4.
[23] 2. Fault zones increase the magnitude of stress accumulation and deformation by about 20% compared to a homogeneous block model. Induced fluids are concentrated in the high permeable fault zones, whereas in the case of homogeneity the fluids move radially in all directions (Figure 6 ). At the crossway of the faults at point C the stress change even amounts to nearly 30%.
[24] 3. The induced pore pressure variation is significantly controlled by the fault zones, especially by crossways of two faults like SE2 and NdS. However, SE4 northward dipping affects only station Eiglasdorf by about 40 msec, whereas influences of SE1 on the fluid distribution are not detectable. Including the faults in the modeling the computed tilts fit better to the observed ones. This is shown particularly for station Berg in Figure 3 . These results reveal that the location, striking and dipping of the fault zones are most important for the fluid propagation and for the resulting stress accumulation (Figures 5, 7, 8, and 9) . [25] 4. The region of maximum deformation is located north of the injection point, slightly striking in north-west to south-east direction. This correlates clearly with the observed induced seismicity, which occurred also in this region (Figure 9 ; cf., Kümpel et al. [2006] , Shapiro et al. [2006] ).
[26] 5. The whole induced geodynamic process including the relaxation process kept on several months after the end of injection. The fluid migration upward occurred along the faults NdS and SE2 (Figure 8 ). The correlated deformation variations were also observed by the tiltmeter array about 12 months after the end of the injection, and the poro-elastic modeling results confirm these observations (cf., experimental results in Figure 3) .
[27] The obvious conformity of areas of maximum deformation and induced seismicity (point 4), i.e., the seismological results of Shapiro et al. [2006] and the modeling of Lau [2007] yield the following conclusion: The MohrCoulomb-criterion describes the required critical shear stress t crit for the crack with a normal stress s n on the potential fraction surface, including the cohesion c and the coefficient of friction m [Eisbacher, 1991] :
For the area under investigation at the KTB Shapiro et al. [2006] show, that induced seismicity is triggered at the hypocenters already at very low pressure variations of less than 0.1 MPa. This signifies that the normal stress has to be close to the critical shear stress, and that the injection needs to reduce the frictional shear resistant only by small value. However, the observed induced seismicity occurred after 110 days after the start of injection. At this time the fluid volume, which was extracted during the pump test from 2002 to 2003, was refilled by the injection.
[28] In the frame of the poro-elastic modeling presented here, Lau [2007] showed, that the consideration of the regional stress field reveals an additional maximum tilt effect of only 2 msec and therefore the injection process yields a much higher contribution to the observed deformation.
[29] These results show that the whole geodynamic process is controlled by the migration paths of the injected fluid, dominated by the local fault zones, particularly the intersection of the faults SE2 and NdS close to the injection source. Consequently, the stress accumulation, the observed deformation and seismicity depend mainly on the structure and the fluid as controlling parameters of the concerned fault zones.
Conclusions
[30] This investigation shows in a large-scale experiment that fluid induced stress changes also cause deformation in the upper crust, and, thus, observable deformation of the surface. Small, but highly significant induced tilt signals were detected by the tiltmeter array around KTB after three months of injection with magnitudes between 100 msec and 150 msec. Modeling revealed that these tilt amplitudes correspond to a vertical uplift of 3.1 mm of the Earth's surface close to the injection borehole. The induced pore pressure changes of more than 11 MPa show highest values close to the injection point, but the induced deformation field has maximum values of $3 cm north of the injection point in 4 km depth, close to the cross point of the faults SE2 and NdS. Both faults control the tilt orientation and magnitude, because they run close to the injection point and they are prone to efficient fluid transport due to high permeability. Therefore, at all stations different effects of the backflow are present superimposing the effect of injection. Thus the development of the bulge is not uniform but time-dependent. Our modeling presented here only describes the effect due to injection, not the combined effect of relaxation to pumping and injection. This extension of the numerical modeling is still pending. [31] It can be concluded that the deformation field depends strongly on the geometry and the permeability of the concerned fault zones and local geological features. This demonstrates how fluids control the stress and deformation fields of the upper crust. It is shown that the observation of even very small injection-induced deformation enables a three dimensional high-resolution evaluation of the ongoing geodynamic process and the correlation to the observed induced seismicity. Thus tilt changes and induced seismicity as independent monitoring methods point to identical areas of stress accumulation in the upper crust.
[32] In a further step we hope to extend our model to explain the temporal evolution of the induced bulge. The results should also help to interpret tectonic processes, based on both, observation and numerical modeling, thus, the application of our findings to tectonically active areas, like swarm earthquake regions, high-risk areas near volcanoes or continental plate boundaries. In volcanic areas fluid/ magma migration plays a major role [Battaglia et al., 1999] , whereas at plate boundaries tectonic stress is the main driving force [Nadeau and McEvilly, 2004] . All this can only be done on the basis of high-resolution tiltmeters which were fortunately available for the observation period, provided by our Geodynamic Observatory Moxa [Jahr et al., 2001] . The area of induced seismicity is not correlated with the area of maximum pore pressure but with the area of maximum deformation, which is close to the crossway of the SE2 and the NdS faults in 4 km depth.
Results of the modeling and the observed seismicity are summarized in Table 2 .
[33] Acknowledgments. We are thankful for financial support from the Deutsche Forschungsgemeinschaft (German Research Foundation) and the GeoForschungsZentrum Potsdam. The support and the experimental help of the ICDP and KTB groups are gratefully acknowledged. We thank the landowners and farmers for the allowance to install our tiltmeters and to operate the stations on their properties. Dr. Horst Letz and the technicians, Manfred Brunner, Wernfrid Kühnel and Matthias Meininger, arranged and maintained the tiltmeter array during the experimental period of this project; this comprehensive cooperation is also gratefully acknowledged. We are indebted to two anonymous reviewers and the associated editor, Emily E. Brodsky, who provided many helpful suggestions, corrections and hints to significantly improve this article.
